In this study, we tethered terminal uracil groups onto short-chain poly(ethylene glycol) (PEG) to form the polymers, uracil (U)-PEG and U-PEG-U. Through AC impedance measurements, we found that the conductivities of these polymers increased upon increasing the content of the lithium salt, LiAsF 6 , until the Li-to-PEG ratio reached 1:4, with the conductivities of the LiAsF 6 /U-PEG blends being greater than those of the LiAsF 6 /U-PEG-U blends. The ionic conductivity of the LiAsF 6 /U-PEG system reached as high as 7.81 × 10 −4 S/cm at 30 °C. Differential scanning calorimetry, wide-angle X-ray scattering, 7 Li nuclear magnetic resonance spectroscopy and Fourier transform infrared spectroscopy revealed that the presence of the uracil groups in the solid state electrolytes had a critical role in tuning the glass transition temperatures and facilitating the transfer of Li + ions.
Introduction
A great concern regarding our possible future energy problems is the need to develop highly efficient and stable energy conversion systems. Polymer electrolytes, which have many potential applications in, for example, high-energy-density batteries and fuel cells, have been studied extensively during the past three decades [1] [2] [3] [4] . Solid polymer electrolytes (SPEs), which are complexes of polymers and metal salts, can be prepared by dissolving salts in polar polymer hosts; they can then be applied in large-scale batteries [5] [6] [7] [8] [9] [10] . In general, ionic transport occurs in the amorphous regions of such polymers as a result of coupling and segmental motion between the metal ions and the polar groups of the polymer. The interactions of Li + ions within SPEs determine the properties and performance of their corresponding batteries. Obtaining relatively high Li + ion conductivities in SPEs under ambient conditions, however, remains a challenge; in addition, greater understanding of the ionic interactions within SPEs will be necessary if we are to further improve ionic conductivities.
Poly(ethylene oxide) (PEO)-based polymeric electrolytes have been among the most extensively studied polymer ionic conductors, because their structures benefit rapid ion transport. PEOs exhibit relatively good complexation properties with ions, high flexibility and good mechanical stability at temperatures beyond their melting points. Unfortunately, a high content of their crystalline phases can limit the conductivity of PEO-based electrolytes [11] [12] [13] . Many research efforts aimed at enhancing the ionic conductivities of PEO-based SPEs have focused on suppressing their crystallinity through the incorporation of inorganic fillers (e.g., clays) to form composite polymeric electrolytes [14] , through copolymerization of PEO with macromonomers [15] and through blending with other polymers [16] . In addition, much effort has been exerted toward enhancing the ionic conductivity of PEO-based electrolytes to appropriate levels under ambient conditions [17] . In previous studies, we focused on preparing solid state electrolytes based on PEO/D2000/LiClO 4 /clay [18] , PEO/PPBI/LiOTf [15] , PEO/LiClO 4 /phenolic resin [19] and LiClO 4 /PEO/PCL [20] . In addition, we have also incorporated noncovalently interacting (multiple hydrogen bonding) functionalities into PEO polymer backbones to improve the properties of their SPEs [21, 22] . Multiple hydrogen bonding interactions in supermolecules are moderately strong and highly directional, leading to their relating polymers possessing several attractive properties, including thermo-reversibility, responsiveness to external stimuli (e.g., pH, solvent polarity, temperature and concentration) and improved thermal stability relative to that of related single-hydrogen-bonding systems [23] [24] [25] . Recently, studies of specific structural organizations from oligomers modified with noncovalently interacting functionalities have been attracting increasing attention. In this present study, we developed a new type of SPE based on PEO oligomers tethered to noncovalently interacting functionalities. In a previous study, Wang et al. found that the ionic conductivity of short-chain PEO was higher than that of long-chain PEO [26] ; although the short-chain PEO also possessed relatively low thermal and mechanical properties, they demonstrated that the incorporation of polar groups into the polyether chain could lead to improvements in ionic conductivity, as well as good electrochemical properties. The possibility of improving ionic conductivity further by increasing the polarity of the polymer host could be performed by adding polar functional groups onto the polymer backbone [27] . To improve the thermal and mechanical properties of short-chain PEO (M = 350 g/mol) without compromising its ionic conductivity, in this study, we tethered uracil (U), a self-complementary, noncovalently interacting functionality, to the chain ends of poly(ethylene glycol) (PEG), forming U-PEG and U-PEG-U derivatives (Scheme 1). We then analyzed the ionic conductivities of lithium-based solid polymer films prepared from these U-based PEO derivatives and lithium hexafluoroarsenate (LiAsF 6 ) at various molar ratios. Using differential scanning calorimetry (DSC), wide-angle X-ray scattering (WAXS), AC impedance measurements, 7 Li nuclear magnetic resonance (NMR) spectroscopy and Fourier transform infrared (FTIR) spectroscopy, we characterized the thermal and crystalline properties, ionic conductivity and molecular interactions of these systems. Scheme 1. Chemical Structures of uracil (U)-poly(ethylene glycol) (PEG) and U-PEG-U.
Experimental Section

Materials
Acrylate PEG (M = 350 g/mol) and methacrylate PEG (M = 360 g/mol) were obtained from Aldrich Chemical. Triethylamine was purchased from TEDIA. Acryloyl chloride and U were obtained from Acros. Lithium hexafluoroarsenate (LiAsF 6 ; Aldrich, St. Louis, MO, United States) was dried in a vacuum oven at 80 °C for 24 h and stored in a desiccator prior to use. All solvents for high-performance liquid chromatography (HPLC) were obtained from TDCI. U-PEG [3-(2,4- 
were prepared through Michael additions using previously reported procedures [28] . A solution of PEG acrylate, U and potassium tert-butoxide in DMSO in a flask equipped with a condenser was heated on a hot plate (60 °C) for 48 h. After distillation of the DMSO, the solid residue was dissolved in CH 2 Cl 2 and filtered. The solvent was evaporated from the filtrate in a rotary evaporator; the residue was dried under vacuum for 24 h to yield U-PEG. A solution of acryloyl chloride in THF was added through a dropping funnel into a solution of PEG acrylate, triethylamine and THF in a 500 mL flask, cooled in an ice bath, and then the mixture was stirred for 24 h. The precursor-collected after centrifugation, filtration and rotary evaporation of the solvent-was added to a flask containing a solution of U and potassium tert-butoxide in DMSO, and then the stirred mixture was heated at 60 °C for 48 h. After distillation of the DMSO, the solid residue was dissolved in CH 2 Cl 2 , filtered and concentrated to give the final product, which was dried under vacuum for 24 h to yield U-PEG-U.
LiAsF 6 /U-PEG and LiAsF 6 /U-PEG-U Polymer Electrolytes
The blending molar ratios of Li + ions to the total oxygen atom contents of the ethylene oxide units in each PEG main chain were used to identify the formed Li/U-PEG or Li/U-PEG-U blends. All samples were dissolved in DMF and stirred for 24 h. The solutions were cast onto Teflon dishes and maintained at 80 °C for 24 h to remove the solvent; the dishes were then further dried under vacuum at 80 °C for an additional 48 h. To prevent contact with the air and moisture, the polymer electrolytes were transferred to a glove box under a N 2 atmosphere.
Characterization
1 H-NMR spectra were recorded using a Varian Unity Inova 300 FT NMR spectrometer (McKinley Scientific, Sparta, NJ, USA) operated at 500 MHz; chemical shifts are reported in parts per million (ppm). Molecular weights and molecular weight distributions were determined through gel permeation chromatography (GPC) using a Waters 510 HPLC equipped with a 410 differential refractometer (Milford, MA, USA), a refractive index (RI) detector and three Ultrastyragel columns (100, 500 and 1000) connected in series of increasing pore size (eluent: DMF-d 7 ; flow rate: 0.6 mL·min
). FTIR spectra (KBr disk method) were measured using a Nicolet Avatar 320 FTIR spectrometer (Thermo Scientific, Waltham, MA, USA); 32 scans were collected at a resolution of 1 cm
The sample chamber was purged with N 2 to maintain film dryness. Thermal analyses were performed using a DSC instrument (TA Instruments Q-20, New Castle, DE, USA). The sample (ca. 4-6 mg) was weighed and sealed in an aluminum pan. The glass transition temperatures (T g ) were taken as the midpoints of the heat capacity transitions between the upper and lower points of deviation from the extrapolated glass and liquid lines, at a scan rate of 20 °C min −1 over a temperature range from −50 to −150 °C. WAXS measurements were performed using a BL17A1 wiggler beamline at the National Synchrotron Radiation Research Center (NSRRC), Taiwan. AC impendence was measured using a Princeton Applied Research VersaStat 4 potentiostat (Oak Ridge, TN, USA), with a frequency range from 10 μHz to 10 MHz and a maximum current of up to 1 A with additional booster options ranging from 2 to 20 A. The potentiostatic method (scan frequency from 100,000 to 1 Hz; amplitude: 10) was used to obtain the total resistance from the Nyquist plot. The conductivity (σ) of the samples in the longitudinal direction was calculated using the relationship:
where L is the distance between the electrodes and d and W are the thickness and width of the sample stripe, respectively. The value of R was derived from the low intersect of the high frequency semi-circle on a complex impedance plane with the Re(Z)-axis. Solid state 7 Li magic angle spinning (MAS) NMR spectra were recorded at 300 K using a Bruker DSX-400 NMR spectrometer equipped with a 7 mm double-resonance probe, operated at 400. 
Results and Discussion
Thermal Analyses
According to the results of a previous study [28] , we knew that the properties of polymer/salt mixtures can be changed dramatically as a result of ionic aggregation. Here, we first performed thermal analyses to determine whether the properties of these systems were affected by the addition of the lithium salt. Figure 1 presents DSC traces of the LiAsF 6 /U-PEG and LiAsF 6 /U-PEG-U polymer electrolytes and the changes in the values of T g at different contents of LiAsF 6 . As mentioned in our previous report [28] , acrylate-PEG is a crystalline oligomer having values of T g , T c , and T m of −70 °C, −51 °C, and −5 °C, respectively. Addition of the U groups to the PEG derivative caused U-PEG and U-PEG-U to become amorphous, with their values of T g increasing to −34 and −23 °C, respectively. These data indicate that adding U-a noncovalently interacting functional group that experiences self-complementary interactions-to PEG disrupted the polymer's chain folding and decreased its crystallinity. The values of T g of U-PEG and U-PEG-U increased upon increasing the content of the salt LiAsF 6 , until the Li-to-PEG molar ratio reached 1:4 in each case. The ionic interactions or ionic clusters formed in the amorphous regime of the ionomers usually resemble physical cross-linking. The mobility of the polymer chains is restricted through such physical cross-linking, thereby leading to higher glass transition temperatures relative to that of the mother polymer. In general, the value of T g increased gradually upon the addition of the salt as a result of an increased number of ion-polymer and ion-ion interactions, with a maximum glass transition temperature achieved at a certain content of the lithium salt; above the optimized lithium salt content, the value of T g tended to decrease as a result of greater interchain distances [29] .
Kim et al. proposed an extended configuration entropy model to predict the glass transition temperatures of polymer/salt complex systems [30] . They employed the equation: (2) where T g1 and T g12 are the glass transition temperatures of the pure polymer and the polymer/salt blend, respectively, and Φ i and r i are the volume fraction and the degree of polymerization for component i, respectively (r 2 = 1). The value of β is determined using the equation:
where z is the lattice coordination number, R is the gas constant, M 1u is the molecular weight of the repeating unit of the polymer and ΔC pp is the isobaric specific heat of the polymer. The term, r 12 , is a proportionality constant representing the strength of the interaction between the polymer and the salt. The term: (4) accounts for the cation-anion interaction. Table 1 lists the molecular weights, values of T g , specific heats and densities of the components tested in this study. good correlation exists between the experimental data and the model's predictions for both the U-PEG and U-PEG-U systems at relatively low lithium salt contents. Larger deviations appeared at higher lithium salt contents; in this case, however, the value of A DH should be constant in the U-PEG and U-PEG-U systems, because they feature the same lithium salt [31] . Nevertheless, if we take into account only the strength of the interaction parameter, that for the lithium salt/U-PEG-U blend (r 12 = 2.7; A DH = 0.02) would be greater than that for the lithium salt/U-PEG blend (r 12 = 2.6; A DH = 0.02), indicating that the stronger interactions are those between the lithium salt and U-PEG-U. Defunctionalization with two U groups may result in more intermolecular interactions with the lithium salt relative to that obtained with only mono-functionalized U groups in the PEG matrix. Figure 3 displays WAXD patterns of the LiAsF 6 /U-PEG and LiAsF 6 /U-PEG-U polymer electrolyte systems. For U-PEG, we observe characteristic peaks at 4.2° and 13.5°, corresponding to structures constructed by U units and an amorphous halo, respectively. In contrast, U-PEG-U underwent supramolecular polymerization, resulting in only one characteristic peak, attributable to its amorphous halo. Upon increasing the concentration of salt added to both U-PEG and U-PEG-U, the signals for their amorphous halos underwent obvious shifts to the left, indicating that the d-spacings for the lithium salt/U-PEG and U-PEG-U blends increased accordingly as a result of the coordination of Li + ions to the polymer chain through ion-dipole interactions, with the AsF 6 − anions weakly solvated and distributed among the polymer chains. These large solvated AsF 6 − anions led to chain expansion, forcing the polymer chains apart; a similar phenomenon had been observed for a LiClO 4 /PPO complex [33] . , representing free ions, shifted the higher wavenumber upon increasing the content of the lithium salt; a slight shoulder appeared at 717 cm −1 as a result of the formation of contact ion pairs, indicating that ionic aggregation occurred at relatively high lithium salt contents. Nevertheless, almost all of the lithium salts adopted the form of free ions in the U-PEG and U-PEG-U matrices; for example, the area percentage of free ions, determined through curve fitting, was approximately 87.5% at a relatively high lithium salt content (LiAsF 6 -to-U-PEG molar ratio of 1:4). ) of (a) LiAsF 6 /U-PEG and (b) LiAsF 6 /U-PEG-U blends at room temperature.
WAXD Analyses
FTIR Spectroscopic Analyses
Next, we turned our attention to other infrared absorption peaks as probes, with and without the addition of the lithium salt. ) indicates that the lithium salt interacts with U-PEG stronger than the U-PEG-U system in this study. Figure 6 displays scale-expanded FTIR spectra of the lithium salt/U-PEG and lithium salt/U-PEG-U blends in the region featuring the C=O vibration modes (1600-1800 cm
−1
). For both pure U-PEG and U-PEG-U, we observe five major peaks representing (i) the free C=O groups from the acrylate units of U-PEG (1734 cm ) [35] . Scheme 2a,c summarizes the peak assignments of U-PEG and U-PEG-U. The wavenumbers for the signals for the U-PEG-U system were slightly lower than those for the U-PEG system, as would be expected, because of the greater possibility of forming hydrogen bonds in the former. For the LiAsF 6 /U-PEG system (Figure 6a ), the intensity of each peak did not change significantly upon increasing the lithium salt content, until the Li-to-U-PEG ratio reached 1:8. In general, the highest conductivity and T g behavior occurs in most cases at a Li-to-PEG ratio of 1:8, indicating that the lithium salt interacts almost entirely with the ether groups at molar ratios lower than 1:8 [17] [18] [19] 36] . In this study, we found, however, that the highest T g behavior occurred at a Li-to-PEG ratio of 1:4, presumably because the U and acrylate groups in the U-PEG system also had inter-association ability at relatively high lithium salt contents. The signals in the spectra in Figure 6a had different shapes at Li-to-U-PEG ratios of 1:4 and 1:1, with significant new peaks at 1710 and 1680 cm −1 , corresponding to the ionic bonds between the lithium salt and the C=O groups of the acrylate and U (C 2 =O) units of U-PEG, respectively. Furthermore, the signals for the free acrylate C=O (1729 cm ) groups of U-PEG were slightly shifted as a result of changes to their chemical environments upon increasing the lithium salt content, as revealed in Scheme 2b. We observed similar phenomena for the LiAsF 6 /U-PEG-U system (Figure 6b) , with the signal for the free acrylate C=O group shifting from 1729 to 1726 cm −1 upon increasing the Li-to-U-PEG-U ratio to 1:1. A new absorption peak appeared, however, at 1672 cm
, corresponding to the C=O groups of U units (C 2 =O) of U-PEG-U ionically bonded to the lithium salt, Li-to-U-PEG-U molar ratios of less than 1:8; this wavenumber is lower than that for the same ionic bond in Li/U-PEG, as would be expected. Further increasing the Li-to-U-PEG-U ratio to 1:4 and 1:1 resulted in broad spectral features, similar to those in the spectra of the Li/U-PEG systems, indicating the existence of more complicated chemical environments. 
3.4.
Li MAS NMR Spectroscopy
Solid state 7 Li-NMR spectroscopy is used widely to study the interactions between Li + ions and polymer hosts [37] [38] [39] , because the strong receptivity of the Li + ion makes it a very attractive analytical tool. Figure 7 presents 7 Li NMR spectra, recorded at 300 K, of the lithium salt/U-PEG and lithium salt/U-PEG-U blends. For the Li/U-PEG system, only a single peak (peak I) appears for the blends at lower lithium salt contents (Li-to-U-PEG ratios of 1:24 and 1:16); we assign this peak, at high field (ca. −4.8 ppm), to represent the interaction between the ether groups of PEG and the Li + cation. Further increasing the lithium salt content, we observed two new peaks near −2.76 (peak II) and −0.36 (peak III) ppm, based on curve fitting results (Figure 7a ). For the Li/U-PEG-U system, only a single peak near −2.76 ppm (peak II) appeared for the blends at any lithium salt content; its position did not change upon increasing the Li + ion content. We would expect that a greater possibility to interact with the C=O groups would induce a downfield shift upon increasing the content of the lithium salt [20] . Based on the results of our FTIR spectroscopic analyses, we assigned peak II to represent the interaction between the C=O groups of the U units of U-PEG and the Li + cations and peak III to the interaction between the C=O groups of the acrylate units of U-PEG and the Li + cations. The fraction of peak III increased upon increasing the lithium salt content in the Li/U-PEG system, as revealed in Figure 7a , consistent with the FTIR spectroscopic analyses in Figure 6 .
Based on these FTIR and Li 7 solid state NMR spectroscopic analyses, we found that the lithium salt adopted almost a free ionic state at a Li-to-PEG molar ratio of less than 1:8. For the Li/U-PEG system, the lithium salt preferred to interact with the ether groups of U-PEG at Li-to-U-PEG molar ratios of less than 1:8, but then interacted with the C=O groups of the acrylate and U units of U-PEG at higher lithium salt contents. For the Li/U-PEG-U system, the lithium salt interacted with both the ether and C=O groups of U-PEG-U at any lithium salt content. Thus, the lithium salt had much greater ability to interact with the ether groups in the Li/U-PEG system than those in the Li/U-PEG-U system. Li proton-decoupled MAS NMR spectra of (a) LiAsF 6 /U-PEG and (b) LiAsF 6 /U-PEG-U blends at room temperature. Figure 8 presents ionic conductivity data for the LiAsF 6 /U-PEG and LiAsF 6 /U-PEG-U systems. The ionic conductivities of the LiAsF 6 /U-PEG system were substantially higher than those of the LiAsF 6 /U-PEG-U system at the same Li-to-PEG molar ratio. The highest ionic conductivity (7.81 × 10
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S/cm at 30 °C) was that of the LiAsF 6 /U-PEG system at a molar ratio of 1:4 ( Figure 8a ). In contrast, the LiAsF 6 /U-PEG-U system did not exhibit improved ionic conductivities, even though it featured relatively more U groups. where n i , z i , and u i refer to the number of charge carriers, the ionic charge and the ionic mobility, respectively. The FTIR and Li
7
-NMR spectra revealed that the free anions produced more charge carriers (higher n i ); more free charge carriers increased the ionic mobility, because they disrupted the strong intra-association between the Li + cations and the anions. Therefore, we would expect the conductivity to increase. For the LiAsF 6 /U-PEG blends, appropriate values of T g , specific structures derived from the U groups and association between the Li + ions and U units suggest that they are potential solid state electrolyte materials. Although the LiAsF 6 /U-PEG-U system possessed relatively higher fractions of U units within their blends, supramolecular polymerization resulted in relatively high values of T g and affected association between the Li + ions and U groups, leading to relatively low ionic conductivity. Acrylate-PEG systems at the same lithium salt content exhibit a substantially lower values of T g and behaves as liquid-like materials; in contrast, the U-PEG systems exhibited relatively high ionic conductivities, indicating that the U groups of U-PEG play a critical role in ion transfer. These U units cannot only construct specific structures, but also facilitate ion transfer [40] . In addition, although the U-PEG-U systems featured relatively higher U contents, they exhibited lower ionic conductivity, because of the decreased flexibility of the structures formed through supramolecular polymerization mediated by the U units. 
Conclusions
We have prepared a new solid state electrolyte material comprising U-PEG and LiAsF 6 . These LiAsF 6 /U-PEG blends possess appropriate values of T g and ionic conductivities for practical applications; for example, the LiAsF 6 /U-PEG blend at a molar ratio of 1:4 possessed an ionic conductivity of 7.81 × 10 
